A comprehensive database of existing (since 1954) field and laboratory measurements of ripple geometry is compiled and combined with newly collected field data to examine the performance of ripple equilibrium predictors. Re-analysis of this enlarged ripple geometry data set reveals that ripples formed from monochromatic waves scale differently than ripples formed from random waves for many existing ripple predictors. Our analysis indicates that ripple wavelengths from the two data sets collapse into a single scaling when the semi-orbital excursion and sediment grain diameter are used as normalizing factors. Ripple steepness remains relatively constant for both regular and irregular wave conditions and it only slightly increases for shorter ripple wavelengths. These findings allowed for the development of a new equilibrium ripple predictor suitable for application in a wide range of wave and sediment conditions.
Introduction
In the coastal ocean, ripples are formed by surface gravity waves travelling in water depths shallow enough for the oscillatory motion to be felt by the bed sediments. Once these oscillatory motions become large enough for the sediment grains to mobilize, the seabed begins to organize into a series of parallel ridges oriented perpendicular to the direction of wave propagation. These initial ripples have a small steepness (defined as the ratio of ripple height to wavelength) and are commonly known as rolling grain ripples [Bagnold, 1946] . Once the ripple steepness becomes greater than approximately 0.1, a vortex (eddy) forms on the lee side of the ripple that traps any sediment eroded from the ripple surface. Upon flow reversal, this sediment is ejected higher into the water column [Bagnold, 1946] contributing to increased sediment resuspension. In addition to their effect on resuspension, ripples play an important role in bottom friction as they affect turbulence levels and mean flow structure in the benthic boundary layer [e.g., Grant and Madsen, 1986] and also contribute to enhancing wave attenuation [e.g., Ardhuin et al., 2003 ]. More recently, Madsen et al. [2010] showed that wave-induced ripples could also alter the direction of the mean current close to the seabed, possibly having implications on the overall direction of sediment transport.
Ripples can also act as a source (or sink) of seabed nutrients which are released to the overlying water column (or injected into the seabed) when they adjust their size, shape or are eroded during sheet flow conditions [e.g., Precht and Huettel, 2004] . Even under stable geometry, the pressure gradient forming between the high (stoss) and low pressure (lee) sides of the ripple can contribute to fluid permeating the ripple body thereby flushing out nutrients or contaminants trapped in the space between the sedimentary particles that constitute the ripple [Huettel et al., 1998; Rocha, 2008] . Furthermore, the presence of ripples affects the use of acoustics in the marine environment as they facilitate the penetration of acoustic waves in the seabed [Chotiros et al., 2002; Jackson et al., 2002; Thorsos and Richardson, 2002] a condition that improves the detection of buried objects. On the other hand, they provide a backscattering surface that complicates seabed classification using acoustic backscattering techniques [e.g., Voulgaris et al., 1992; Collins and Voulgaris, 1993] .
Because of their importance, a number of studies have been carried out aiming at predicting the ripple dimensions for a given wave forcing. Earlier studies focused on identifying the geometric characteristics of ripples (wavelength and height) for a given wave orbital velocity, wave period and sediment size [e.g., Komar, 1974; Clifton, 1976; Nielsen, 1981; Grant and Madsen, 1982;  and references therein] and produced models that predict ripple wavelength and height assuming that a final form has been achieved (equilibrium ripple geometry). More recently, time-variable ripple prediction models [e.g., Traykovski, 2007; Soulsby et al., 2012] have been developed that are able to predict ripple dimensions at any time independently if the ripples are in equilibrium or not. These models, based on sediment transport principles, assume that when the seabed is not in equilibrium with the hydrodynamic forcing, the ripple reorganizes itself in order to achieve the equilibrium conditions. As the wave forcing changes in time so does the ultimate geometry the seabed tries to achieve (the equilibrium conditions) and prediction of this intermediate geometry is the goal of the time dependent models which in turn depends on the definition of the equilibrium ripple predictor. To date a large number of equilibrium models have been described in the literature. In Table 1 we present the references of 13 most commonly used spanning the years 1981 to 2009 as well as the type of data they used for deriving their corresponding model. 
where s=ρ s /ρ w , ν is the kinematic viscosity of the fluid and ϕ is the angle of repose which for sand is approximately equal to 32°. Various combinations of the above non-dimensional numbers constitute the basis for many of the parameters commonly used in sediment dynamics such as the mobility number, the wave Reynolds number, the non-dimensional sediment parameter, the wave period parameter, and the ratio of the wave orbital semi excursion to the sediment grain size (A b /D 50 ). A detailed description of the derivation of these parameters can be found in Pedocchi and García [2009a] while the corresponding equations are further described in Section 2.
The plethora of equilibrium ripple predictors, the different scaling used between them and the lack of agreement amongst them emphasizes the point that the problem has not been resolved yet. The discrepancies could be attributed to differences in the data sets used in the development of these models, with some of them being obtained in the field and others in the laboratory; the quality of the data and the accuracy of the assumption that the data used represent real equilibrium conditions.
Many of the early studies were primarily conducted in laboratory settings where the hydrodynamics can be easily controlled and ripples consistently observed [e.g., Yalin and Russell, 1962; Kennedy and Falcon, 1965; Carstens et al., 1969; Lofquist 1978) . Later on, use of divers allowed for field observations under conditions conducive to the diver's safety and water visibility [e.g., Inman, 1957; Miller and Komar, 1980] . Subsequently, such observations were automated using underwater cameras which allowed for regular sampling intervals but were hindered by reduced visibility during energetic conditions [e.g., Boyd et al., 1988; Powell et al., 2000; Xu, 2005, and references therein] . During the past two decades, the use of a stationary sector scanning sonar system has allowed for continuous sampling during long deployments regardless of water visibility [e.g., Hay and Wilson, 1994; Traykovski et al.,1999; Voulgaris and Morin, 2008; Warner et al., 2012] and wave activity levels. This proliferation of ripple measurements and the collection of additional data allow for testing the performance of existing models, their improvement, and possibly the development of a new model that better predicts wave-induced ripples in the marine environment.
The objectives of this study are to: (i) assemble all existing data (field and laboratory) of equilibrium ripples in a common data base with commonly described hydrodynamic forcing; (ii) enrich this data base with additional information that has become available; (iii) use this enriched -4-data base to evaluate already developed models; and (iv) if possible, present a new model that better fits all the data available to date. This is attempted by collecting existing data of ripple measurements from the published literature as well as including data from two new field experiments. All data assembled are presented in an electronic tabular form (see auxiliary material) for use by other investigators and enrichment over time as new data become available.
The manuscript organization is so that Section 2 presents a brief overview of the most widely used equilibrium ripple predictors. This is followed with a presentation of the ripple database and the source of the data (Section 3). In Section 4, an evaluation of the existing predictors against all the data assembled is carried out, while a discussion of their performance together with a new formulation is presented in Section 5. Finally, in Section 6 we present the conclusions of the study.
Existing Equilibrium Models
In this section, we briefly present selective existing equilibrium models (see Table 1 ). The main criterion for their selection was their wide application in the literature and their diversity in terms of forcing parameters used. All of the models presented relate the ripple height and/or wavelength to hydrodynamic conditions usually normalized by parameters describing the sedimentary particles. At this junction it should be noted that different investigators have been defining the bottom orbital velocity parameter differently depending on the method they used to make their estimates (i.e., from direct velocity time-series or wave height measurements) and the statistical representation adopted. For example u b in Wikramanayake and Madsen [1994] corresponds to standard deviation (σ) of oscillatory velocity, while in Grant and Madsen [1982] and Styles and Glenn [2002] the same parameter corresponds to amplitude of bottom orbital velocity which is defined as the 2 . On the other hand, orbital velocities derived from significant wave height measurements correspond to 2•σ [e.g., Traykovski, 1999; Wiberg and Sherwood, 2008] . In order to avoid confusion, we have elected to define the parameters used through the adoption of appropriate subscripts that reveal the method of estimation as well as the relationship between different parameters (see Table 2 ).
In the remainder of this section, the existing equilibrium models are described in sub-sections organized by the main parameter used in the model.
Mobility Number
One of the most common non-dimensional parameters used to determine ripple geometry is the mobility number (ψ), which represents the ratio of mobilizing forces acting on the sediment to the stabilizing forces:
where s is the normalized sediment density, g is the acceleration due to gravity and D 50 is the median particle size.
-5- [1981] , proposed two sets of equations based on field/irregular and laboratory/regular wave conditions denoted as NF and NL, respectively. The equations developed for the regular monochromatic wave generated ripples were based on the studies of Yalin and Russell [1962] , Kennedy and Falcon [1965] , Carstens et al. [1969] , Mogridge and Kamphuis [1972] , Dingler [1974] , Nielsen [1979] and used laboratory data from the Danish Hydraulic Institute. Nielsen [1981] found these ripples to be best described by the equations:
Nielsen
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where A b is the wave orbital amplitude (=2π•u b /T) and T is the wave period.
For field conditions, Nielsen [1981] used data collected from Inman [1957] , Dingler [1974] , and Miller and Komar [1980] to propose the following set of equations:
693 0.37 1000 0.75
For ψ 1/3 < 10, Nielsen [1981] recommends using the ripple height from equation (3). Nielsen [1981] also proposed a set of equations for ripple steepness based on the Shields parameter, which is further discussed in section 2.3. [1993] (Vr), also noted the potential scaling of ripple geometry with the mobility number. He used ripple dimensions measured under irregular waves from Inman [1957] , Dingler [1974] , Ribberink and Van Rijn [1987] , Nieuwjaar and Van der Kaay [1987] and Van Rijn [1987] and he suggested that equilibrium ripple geometry can be predicted by:
Van Rijn
  
  Grasmeijer and Kleinhans [2004] (GK) analyzed the ripple measurements of Inman [1957] , Van Rijn et al. [1993] , Van Rijn and Havinga [1995] , Grasmeijer and Van Rijn [1999] and Hanes et al. [2001] as well as their own data collected off the coast of Egmond aan Zee, Netherlands, and to suggest that:
-6- 
One commonality between the latter two models (i.e., Vr and GK) is that wave steepness is assumed to be constant (0.14 and 0.18 for the GK and Vr models, respectively) for low energy flows while it decreases under more energetic wave activity.
Mobility Number & Dimensionless Sediment Parameter
Another non dimensional parameter used to determine ripple geometry is the ratio of the mobility number (ψ) and the dimensionless sediment parameter (S * ) with the latter being defined as
This parameter was first proposed by Wikramanayake and Madsen [1994] and later adopted by Styles and Glenn [2002] . In addition to taking into account the sediment properties and orbital wave forcing, this parameter also accounts for water viscosity (ν) and therefore requires knowledge of the water temperature, salinity and pressure (i.e., water depth). [1994] (WM) utilized the data from the field measurements of Inman [1957], Miller and Komar [1980] and Nielsen [1984] and suggested the following equations to predict ripple height and wavelength: 
Wikramanayake and Madsen
Equations (12) and (13) were later revised by Styles and Glenn [2002] (SG) who incorporated additional field data from Wiberg and Harris [1994] and Traykovski et al. [1999] Grant and Madsen [1982] (GM) utilized data from Carstens et al. [1969] and found a relationship between the Shields parameter and ripple dimensions that defines increasing ripple wavelengths with increasing Shields parameter value up to 1.8•S * 2 and decreasing wavelengths thereafter. This led to a new set of equations for the prediction of equilibrium ripples:
Nelson, T., G. Voulgaris and P. Traykovski, 2013 
where θ cr is the critical Shields parameter for sediment mobility. Mogridge et al. [1994] (MO) used the data of Bagnold [1946 [ ], Inman [1957 , Yalin and Russell [1962] , Kennedy [1965] , Horikawa [1967] , Carstens et al. [1969] , Mogridge [1972] , Dingler [1976] , Miller and Komar [1980] , and Willis [1993] to develop a set of equations that provide an upper limit on the ripple dimensions rather than an actual prediction. These upper limits were related to a newly defined parameter χ as follows: 
Period Parameter
where χ relates sediment size to wave period as follows:
While Nielsen [1981] argued that this parameter does not have any physical meaning, Mogridge et al. [1994] suggested that the wave period directly reflects velocities, accelerations, and forces of the oscillatory motion. Mogridge et al. [1994] found η/D 50 to be accurately described by a single equation; however, the ripple wavelength diverges at χ values smaller than 1.5×10 -5 . They found that field data best conforms to a constant λ/D 50 value of 1,394.
Orbital Excursion and Grain Size
Another parameter widely used to predict ripple dimensions is the wave orbital excursion (d o =2A b ) normalized by the sediment grain diameter (d o /D 50 ). Clifton [1976] and Clifton and Dingler [1984] first observed a dependence of ripple characteristics to different parameters depending on the value of the ratio of wave orbital excursion to grain size (d o /D 50 [1994] proposed a set of equations based on orbital-suborbital-anorbital classification scheme using laboratory and field data from Inman [1957] , Kennedy and Falcon [1965] , Carstens et al. [1969] , Mogridge and Kamphuis [1972] , and Dingler [1974] . The original Wiberg and Harris [1994] 
Wiberg and Harris
where d o,1/3 /η ano is calculated using equation (25) 
Orbital Excursion (d o )
and w s /ω Similar to the predictors described above, Traykovski [2007] also noted that ripples do tend to scale with orbital diameter. However, his predictor assumes that the cutoff for orbital ripples (i.e., where ripples scale with the orbital diameter) occurs at a value of u b,1/3 /w s ≤ 4.2. Above this value, the ripples scale as a function of sediment settling velocity (w s ) and wave radian frequency (ω=2π/T). Traykovski [2007] found strong agreement between ripples observed off the coast of Martha's Vineyard [Traykovski et al., 1999; Traykovski, 2007] , using the following set of equations:
-10-where w s is the particle settling velocity calculated from Gibbs et al. [1971] . Assuming a constant value for ripple steepness of η/λ = 0.16, the ripple equilibrium height is obtained as:
It is worth noting that according to equations (29) and (30), for u b,1/3 /w s >4.2, ripple geometry depends solely on wave period and sediment settling velocity. This follows the observations of Mogridge et al. [1994] and might explain some of the scatter and different trends observed in their predictor. Faraci and Foti [2002] (FF) derived a relationship based on the wave (Re w ) and sediment (Re d ) Reynolds numbers, respectively defined as:
Reynolds Numbers
Using ripple geometry data from wave tank experiments with both monochromatic and irregular waves, they developed the following expressions for ripple wavelength and height: 
Although they found the measured ripple steepness to agree with Nielsen [1979] , they also noticed that the average steepness was 0.18, which corresponds to fully developed vortex ripples. They suggested that ripple steepness must depend on the angle of repose (ϕ) and recommended, as in Nielsen [1979 Nielsen [ , 1981 , that
which leads to η/λ=0.185 if we assume an angle of repose of 30°. Pedocchi and García [2009a] used published ripple dimension data as well as data from a wave tunnel experiment [Pedocchi and García, 2009b] to suggest that ripple dimensions should be related to the ratio of u b,1/3 /w s for three different grain size regimes based on the particle Reynolds number (Re p ). The latter relates to the dimensionless particle size parameter (S * ) as follows:
Orbital Velocity / Settling Velocity
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where w s is the particle settling velocity calculated using the method of Dietrich (1982) . These equations are divided into three grain size regions with Re p =13 corresponding to 220 μm and Re p =9 corresponding to 177 μm at 20°C.
Data Availability

Existing Data Sources
Numerous experiments on oscillatory flow ripples have been carried out over the years resulting in a large number of ripple wavelength and height data for a variety of wave conditions and sediment sizes. Various subsets of these data were used in the development of the equilibrium prediction models described in section 2. As part of this study, all data available (see Table 3 ) are compiled into a single database to be used for the production of a more comprehensive formulation for ripple equilibrium dimensions that is not experiment or site specific. The ripple geometry data found in the literature include descriptions of hydrodynamic forcing, sediment type and ripple dimensions; however, not all sources provide the same parameters and for this reason, all hydrodynamic data have been converted to commonly defined parameters: significant orbital velocity (u b,1/3 ), wave period (T), median grain diameter (D 50 ), water temperature (Temp), water density (ρ w ), sediment density (ρ s ), water depth (h), salinity (S), ripple wavelength (λ) and ripple height (η). For the experiments where wave forcing was listed as wave height alone, the significant (1/3) bottom orbital velocity was calculated using linear wave theory:
where ω is the wave radial frequency, H 1/3 is the significant wave height, k is the wave number, and h is the local water depth.
Another parameter, which is often omitted but required by several of the predictors presented in Section 2, is the water viscosity (ν). When water temperature, salinity, and water depth data are provided, the viscosity is calculated from these values, otherwise a water temperature of 20°C and a salinity of 0 is assumed for laboratory experiments. For field experiments, temperature and salinity information obtained at a nearby buoy from the national data buoy center (http://www.ndbc.noaa.gov/) is used. When no historical data exist, an average (climatological) value of water temperature for the specified month(s) of the experiment is taken and if no salinity is recorded, a value of 35 psu is assumed.
New Data Sources
In addition to the existing data described above, new data sets from two experimental sites, representing different wave environments and sediment characteristics, are also included in this database and subsequent analysis. Both sites are located in the South Atlantic Bight offshore South Carolina and Georgia (USA), respectively. The first field data set is from the shelf on the northern part of South Carolina ( and in Voulgaris and Morin [2008] . It should be noted that these data sets do not contain any ripple height observations and are limited to wavelength information only
Equilibrium Ripple Criterion
Some of the data sources contain measurements of mega ripples with wavelengths of up to 8 m; since this study focuses on wave ripples only any ripples with wavelengths greater than 1.5 m have been excluded from further analysis. A smaller cutoff of 1 m is applied to laboratory data as most of the larger ripples were the result of scaled experiments carried out at high water temperature (~60°C) [e.g., Southard et al., 1990; Dumas et al., 2005] . The following criteria -13-were used to ensure that the data used represent equilibrium conditions with the flow. Since laboratory experiments are run until the ripples no longer show any significant change, any laboratory experiments with a Shields parameter greater than the critical Shields parameter for sediment motion (θ 1/3 >θ cr ), we assumed represent ripples in equilibrium with the flow. For field conditions, where an objective definition of equilibrium is difficult without information of the time history of the ripple evolution, only ripple data corresponding to θ 1/3 >2·θ cr are considered to be in equilibrium. For the cases where time history of the ripple evolution is known (Traykovski et al. [1999] , Traykovski [2007] and the data discussed in section 3.2), equilibrium ripples were identified as those recorded during periods where the hydrodynamic forcing (i.e., excess Shields parameter) does not change significantly over the time required for a ripple to adjust itself to the given hydrodynamic forcing. This corresponds to the time scale (T k ) given in Traykovski [2007, equation 9] and it is a function of the Shields parameter (θ 1/3 ). Thus only ripple data corresponding to conditions where 0<dθ 1/3 /dt<0.1•θ 1/3 (t)/T k (t) are assumed to be in equilibrium with the flow. A further criterion of θ 1/3 >1.5•θ cr was applied to eliminated low energy conditions where the bed may only experience intermittent sediment mobilization during a wave group and hence would require more time than what the time scale T k predicts.
The database developed from all sources of data described in the previous two sections includes ripple data from experiments conducted with both regular/monochromatic waves and irregular/random waves, with the former consisting of data from laboratory experiments only. After applying the wavelength and equilibrium criteria, the regular wave data set left consists of 1,145 measurements of wavelength and 1,049 measurements of ripple steepness. The irregular wave data set consists of all field data and a few laboratory experiments (see Table 3 ) resulting in 1,765 measurements of wavelength and 699 measurements of ripple steepness. The distribution of ripple dimensions (height and wavelength), hydrodynamic conditions (wave period, orbital velocity and bottom excursion), and grain sizes incorporated in this data set are shown in Figure 3 . The combination of regular and irregular wave data results in a total of 2,910 measurements of ripple wavelength and 1,748 measurements of ripple steepness.
Results
In this section, all previously published and the newly collected data that have passed the equilibrium criteria are used to evaluate the predictors presented in Section 2.
Mobility Number based Equilibrium Models
The predictions of equilibrium ripple length, height and steepness using the mobility number based models (i.e., NF, NL, Vr and GK) are plotted against the observations in Figure 4 . All ripple dimensions have been normalized by the bottom orbital semi-excursion (A b,1/3 ).
It is worth noting that all four models converge for ψ 1/3 < 10 predicting a nearly constant value indicating a sole dependence of ripple dimensions on A b . However, this trend is not supported by the data, which show a gradually increasing λ/A b ratio for decreasing ψ 1/3 . The ripple wavelength data (see Figure 4a) suggests either an inverse relationship between normalized wavelength and ψ 1/3 or a constant value that should be larger than that predicted by these models. For ψ 1/3 > 10, the models start deviating from each other with the irregular wave data suggesting two trends. One trend follows the predictors of NL, Vr, and to an extent, that of GK while the remaining data follow that of NF and yield a smaller λ/A b,1/3 ratio value for the same ψ 1/3 . This deviation was -14-also noted by Nielsen [1981] , who attributed it to differences between laboratory/regular vs. field/irregular waves. However, this is not the case in here, as ripples under different wave forcing appear to follow either trend without a specific reference to regular/irregular forcing or sediment size.
The normalized ripple height (see Figure 4b ) also follows the trend of decreasing η/A b,1/3 with increasing ψ 1/3 although there are fewer measurements for height than for wavelength. All of the predictors fail to yield an accurate ripple height for larger values of ψ 1/3 . NF predicts a smaller height than observed while NL and Vr yield a flat bed at these larger values and the GK method yields increasing and exceptionally large ripple heights (for ψ 1/3 >900). The steepness of these ripples estimated from the individual predictions of η and λ (see equations 3 to 6) is shown in Figure 4c whereas with wavelength and height, two trends emerge. One trend suggests a nearly constant steepness of ~0.15, for ψ 1/3 <10 which is successfully predicted by the models. However, there is significant scatter at larger values of ψ 1/3 with some ripples maintaining a steepness of ~0.15 while others show a decrease in steepness with higher values of ψ 1/3 . There is no clear distinction between regular and irregular wave induced ripples.
Mobility Number & Sediment Parameter
Both predictors of Wikramanayake and Madsen [1994, WM] and Styles and Glenn [2002, SG] , based on the ratio of the mobility number to the non-dimensional sediment parameter, are shown in Figure 5 . This ratio reduces some of the scatter and the dual trend in ripple wavelength observed with the predictors presented in the previous section. This is attributed mainly to the fact that this formulation accounts for differences in sediment size found in the data. The overall trend is a decreasing λ/A b value for increasing ratio of ψ/S * , with a greater rate of decrease for ψ rms /S * >3 for WM and ψ eq /S * >2 for SG. However, while the ripples tend to scale with ψ/ S * , the cutoff values of 2 and 3 used by these models are too small as the data suggest values between 8 and 9. For non-dimensional height, both predictors capture the slope of the data for ψ rms /S * >3 and ψ eq /S * >2, while for smaller values of ψ/S * , the predictors overestimate the rate of decrease. Ripple steepness (Figures 6c and f) suggest that some ripples maintain a nearly constant steepness between 0.15 and 0.20 while the remaining ripple data show evidence of a decreasing η/λ for increasing ψ/S * . The ripple steepness converges around 0.15 for small ψ/S * but begin to diverge and scatter over an order of magnitude for ψ/S * >2. The WM predictor assumes a constant η/λ for ψ rms /S * <2 which agrees with the data, while SG predicts an increasing steepness for decreasing ψ eq /S * which is not observed. Both WM and SG were only validated over a range of ψ/S * limited by the available data as shown by the short predicted lines.
Shields Parameter
While Nielsen [1981] found ripple wavelength and height to vary as a function of the mobility number, he also noted that steepness is better described by the Shields parameter ( Figure 6 ). As with his equations for λ and η, he found a disparity between ripples under regular and irregular waves and he established two different equations to describe the observed measurements. However, as shown in Figure 6 , these equations fail to accurately describe the observed trend. Similar to the dependence on the mobility number, the steepness follows two trends: constant and decreasing with increasing Shields parameter. Both predictors indicate a flatbed near a Shields parameter value of 1, which agrees with some of the data, but ripples clearly remain present at least up to Shields parameter values of 10.
When using the Grant and Madsen [1982] model formulations the observations (Figure 7) show no clear trend when S * ≤5; for S * >5 the data plot together but they do not segregate as predicted by the GM equation. Better agreement is found for regular wave data although a significant amount of scatter is still notable. Ignoring data with S * ≤5, both the observed and predicted trends indicate a nearly constant to gradually decreasing λ/A b,eq for θ eq /θ cr <5. For θ eq /θ cr >5, the dimensionless ripple geometry decreases. The GM prediction for λ/A b,eq agrees with that observed with the exception of the data not segregating by S * . The ripple height as a function of θ eq /θ cr gradually decreases (on a log-log scale) and it does not follow the predicted ripple height of GM. As noted previously, the ripple steepness follows two trends, however, for S * >5, the majority of the ripple data suggest a constant steepness for increasing θ eq /θ cr . Mogridge's et al. [1994] model (see Figure 8 ) appears to be successful in providing the upper limits for both wavelength and ripple height. However, the assumption of constant value of λ/D 50 for χ<1.4×10
Period Parameter
-7 in equation (24) (see dashed line in Figure 8a ) does not seem to be supported by the data.
Orbital Excursion
The predictors of Wiberg and Harris [1994] and Soulsby and Whitehouse [2004] are both based on variations of the wave orbital excursion and are shown against the data in Figure 9 Figure 9a ) data for regular waves continue to follow the orbital trend well into the suborbital and anorbital regimes. If these data are excluded, the predicted characteristics for suborbital and anorbital ripples agree with the observed data. However, the regular wave data tend to have smaller λ/D 50 ratios than the irregular ones, for the same 2•A b,1/3 /D 50 values. Therefore, the predictor appears to slightly over-predict regular and under-predict irregular wave ripple dimensions. For normalized ripple height (η/D 50 , Figure 9b ), the regular and irregular wave ripple dimensions agree with the equations for orbital ripples, however, as with wavelength, some data continue along the trend for larger 2•A b,1/3 /D 50 ratios. For suborbital ripples, the equations closely follow that of the data but tend to over-predict the regular wave data. For anorbital ripples, η/D 50 scatters over an order of magnitude around the predicted dimensions. The ripple steepness (Figure 9c) , still shows the dual trend observed in the previous predictors.
The SW predictor closely follows the trend of regular wave data for A b,1/10 /D 50 <10 3 ( Figure 9 , right column). For A b,1/10 /D 50 >10 3 the data follow two trends; that of fairly constant λ/D 50 (≈1), and that, supported by the bulk of the data, of a gradually decrease in normalized wavelengths, as predicted by the equation. This decreasing trend also follows the measured irregular wave data; however, it does not follow a constant λ/A b,1/10 for A b,1/10 /D 50 < 10 3 but continues to increase. The predicted normalized ripple height shows a rapid decrease in η/A b,1/10 with increasing A b,1/10 /D 50 , while the data scatter exhibit a distribution very similar in shape with that of λ A b,1/10 but reduced by a factor of ~10, something that suggests constant ripple steepness. As with other methods, the ripple steepness calculated from the predicted dimensions follows the same trend of being constant initially and decreasing for increasing forcing. Soulsby and Whitehouse [2012] -16-argue that their predictor worked best for a wide range of the published data; however, although it does appear to reduce the error for many conditions, it ultimately fails to predict ripple height and steepness.
Orbital Excursion and w s /ω
In Figure 10 , we see that the Traykovski [2007] predictor is able to capture the overall ripple wavelength and height (and consequently steepness) trend although the data scatter around the model is higher for u b,1/3 /w s >4.2 (Figures 10d, e and f) than for u b,1/3 /w s <4.2 (see Figure 10a) . A better agreement (less scatter) is found with the irregular wave data than with the regular ones.
Reynolds Numbers & Mobility Number
The Faraci and Foti [2002] equations predict that λ/A b,1/3 decreases for increasing Re w and increases for increasing Re d (see Figure 11) . The observed ripple dimensions follow the decreasing λ/A b,1/3 for increasing Re w pattern but the segregation by Re d suggested by the model is not observable in the data (Figure 11 ). For ripple height, the observations do not reveal any correlation with Re w and ψ 1/3 as suggested by equation (34). Taken as a single equation fit through the scatter the equation might perform well but the dependence on Re d and Re w is not evident. For steepness, FF predicted a value of ~0.18, which plots along the largest steepness observed (Figure 12c ), thereby over predicting the majority of the observations.
Orbital Velocity, Settling Velocity & Re p
The Pedocchi and García [2009a] equations (37) and (38) 
Discussion
The qualitative comparison between the newly created ripple geometry database and the predictors presented in Section 2 confirmed the widespread differences in performance. Some of the presented models failed to agree well with the data under large wave forcing conditions. In terms of wavelength, this was particularly the case for the Van Rijn [1993] and Grasmeijer and Kleinhans [2004] equations. Van Rijn [1993] used his data set to determine that a flatbed should occur at a mobility number of 250 and therefore derived an equation where the ripple geometry goes to zero at this value. However, the data set (see Figure 4) confirms the existence of ripples even when the mobility number value exceeds 250. Establishment of an accurate cutoff between a rippled and flat bed is not pursued here, as the goal is to have a predictor capable of predicting dimension over the whole range of conditions observed in this data set. The failure of the GK predictor is attributed mainly to the fact that the polynomial equation describing the model yields increasing and exceptionally large values for mobility numbers greater than 900. Similarly, the predictors of Nielsen [1981] were introduced for θ 1/3 <1, as above this value Nielsen [1981] suggested the transition to a flat bed. However, in our data set we can see ripples being present for θ> 1 so we have not imposed this condition on the Nielsen [1981] models either. For ripple height, the predictors of NL, FF, GK, and the Nielsen [1981] for steepness have not shown a good agreement with the data especially under large wave forcing. These limitations, suggest that these predictors might not be suitable for use under all conditions but limited to cases with small mobility number and shear stress values only.
Throughout our comparison of models and data, a different response was present for monochromatic and irregular wave forcing. This explains some of the diverging trends observed in predictors such as SW and MO as well as in the original development of the two different predictors by Nielsen [1981] . Assuming that hydrodynamic processes are represented correctly by the corresponding hydrodynamic parameters, the geometry of the ripples should not be significantly different for monochromatic and random wave fields. This motivated Soulsby and Whitehouse [2005] and Pedocchi and García [2009a] to create a single predictor which incorporates both laboratory and field data. For the same wave parameters, different ripple characteristics might occur depending on the nature of the waves (i.e., directional spectral characteristics), their complexity (i.e., velocity asymmetry, acceleration skewness), and potential superposition of mean flows. However, these differences should not create significantly different ripple geometries as those identified in the data. This is investigated by initially examining the regular and irregular wave data sets separately.
Ripple Wavelength
Ripple wavelength is a quantity approximately 10 times larger than ripple height. Therefore, ripple wavelength measurements are expected to be more accurate than measurements of ripple height. Furthermore, qualitatively predictors such as that of WH and SW (see Figure 9 ) that relate ripple wavelength to the ratio of semi-orbital excursion (A b ) over mean grain size (D 50 ) provided the best agreement with the enriched database. This is explored in Figure 13 where we plot normalized ripple wavelength against the ratio of A b,1/3 /D 50 for regular (Figure 13a ) and irregular (Figure 13b ) wave conditions. The ripple wavelength normalization is done using mean particle size for irregular waves and wave excursion for regular waves. A clear linear trend (on a log-log scale) is identified between normalized ripple wavelengths and normalized wave excursion although the slopes of the two linear trends are opposite to each other while the correlation coefficients (r 2 ) are 0.73 and 0.78 for regular and irregular wave forcing, respectively. A least squares fitting on a log-log scale produces the following statistical models for normalized ripple wavelengths for regular waves (Fig. 13a) >2,794) regimes where grain size becomes more important. However, at the overlapping suborbital region, the data from the monochromatic wave conditions (Figure 13a ) trend in agreement with equation (42) well into the suborbital regime, while irregular wave formed ripples continue on an opposing trend into the orbital regime (see Figure 13b) . One explanation for the scaling differences between these two types of waves is the consistency of the forcing present. Under monochromatic waves, the bed is subjected to the same orbital excursion with each passing wave, while under irregular waves the orbital excursion varies for each wave. Thus, the grain size acts as a filter and a limiting factor preventing or delaying the transition from suborbital to orbital scaling.
The best attempt to collapse both regular and irregular data using a common parameterization is achieved when we plot λ/A b,1/3 vs. A b,1/3 /D 50 (see Figure 13c ) in a similar manner as in Soulsby and Whitehouse [2005] . Comparing our enriched data set to that used by Soulsby and Whitehouse [2005] , we see that our data set includes significantly more field observations with smaller A b,1/3 /D 50 values that allow to define the trend of ripple characteristics over a larger range. Least squares fit, on a log-log scale, of an equation similar to that of SW (equation 27) through our expanded data set leads to: 
with a correlation coefficient (r 2 ) of 0.73. This equation captures the data trend for values of A b,1/3 /D 50 < 7,000 but may over predict irregular wave ripples at larger A b,1/3 /D 50 values.
Ripple Height and Steepness
During the comparison of the data with existing predictors (see Section 4), there were a number of occasions where ripple steepness appeared to be constant for a large range of values of the parameter used in the x-axis. Similar to wavelength, ripple steepness data (note that the new data set described in Section 3.2 did not include ripple heights) are examined for monochromatic and -19-irregular wave conditions, separately. A log-log scatter plot of ripple height vs. wavelength shows a linear trend. Least squares analysis on the data reveals the following best fit relationships for regular (Figure 13d 
for regular and irregular wave conditions, respectively. The data and equations (47) and (48) suggest that ripples formed under irregular wave conditions are slightly steeper (0.126) than those formed under regular wave conditions (0.115) with both having an almost constant steepness. The scatter of data points under the predicted line in Figure 13e are attributed to large errors associated with the measurements of very small ripple height (η < 1 mm) in the field and are considered to represent the experimental error. Unlike for wavelength, when the two data sets are overlaid (see Figure 13f) , they collapse on a single trend and least squares fitting produces the following steepness relationship:
0.056 0.120
with a correlation coefficient r 2 of 0.79. The small correction for very long wavelengths is attributed to the enhanced turbulence at the crests due to flow contraction over the ripples [Du Toit and Sleath, 1981; Nielsen, 1992] . Since ripple height increases with increasing wavelength, the enhancement will be greater for larger ripples.
Model Errors
The performance of the new models described in equations (40) to (49) is compared to that of all previously presented models (see Section 2). For each model, the predicted ripple wavelength and height values are compared against the measured ones from the database; the scatter plots together with the 1:1 line are shown in Figures 14 and 15 for ripple wavelength and height, respectively. The least squares error of each predictor (in a log-log scale) was estimated using the root mean square error (RMS), normalized by the range of the observed values for each parameter predicted:
-20- 
where X is the parameter evaluated (i.e., ripple wavelength, height, and steepness), while the subscripts m and p denote measured and predicted values, respectively. The errors associated with the existing ripple predictors and the newly developed ones (see equations 40 to 49) are listed in Table 4 . The error analysis was performed for all data collected under regular and irregular waves separately but also on the combined data set.
Under regular waves, equations (44) and (49) yield the least error (ε = 0.10), despite the fact that they have been developed using the irregular wave data set. It is characteristic that the Wiberg and Harris [1994] and the Soulsby and Whitehouse [2005] predictors provide good agreements with the data as they are also based on the ratio A b /D 50 , with their errors being only 0.11. Equations (42) and (45) developed from the regular wave data provide an error similar to that of WH and SW (ε = 0.11).
For irregular wave ripples, the corresponding equations (43) and (46), equations (44) and (49) developed using all data, as well as the WH model provide the least error (ε = 0.15).
Comparing against the whole data set (combined data), neither the equations for regular nor irregular waves perform as well (ε = 0.13 and 0.17, respectively) as those developed using these data (equations 44 and 49), which together with the WH equation, yield the smallest average error (ε = 0.11). The disparity between these models is mainly due to the different scaling of ripple wavelength between regular and irregular wave conditions. The former ripples scale with semi-orbital excursion length while the latter ones scale with the particle size.
Overall, the newly developed predictors provide the least normalized RMS errors for most of the cases, with that of Wiberg and Harris [1994] emerging as the second best. The strong performance of the newly developed models is not surprising as this is the only model that has been developed using the whole data set assembled in this database.
It should be pointed out that equations (44) and (49) yield an identical mean error to the WH predictor, for both the irregular wave and the combined data sets (ε = 0.15 and ε = 0.11, respectively). These same equations perform better than WH for regular wave conditions. In terms of ripple wavelength, equations (44) and (49) yield the best predictions, for all three conditions, while for ripple height, these equations are as good as WH for the irregular wave, and better than any other model for the regular and combined data sets. Furthermore, equation (44) is in a simpler and easier to apply form whereas the WH predictor requires an iterative or a multistep approach [Malarkey and Davies, 2003] .
Conclusions
In this contribution, an extensive database of ripple dimensions was assembled that includes existing data from published literature and two additional field sites. After processing for uniformity in the parameters used to describe hydrodynamic conditions, the data are tabulated and made available for the community in electronic form (see auxiliary material).
-21-Our analysis showed that ripple steepness is a relatively constant number that slightly increases for decreasing ripple length. This applies for both regular and irregular wave conditions and it can be collapsed into a single model (equation 49). According to this model, ripple steepness is 0.12 at large wavelengths (~1 m) increasing by approximately 29% (to 0.15) for ripples with a wavelength of only 1 cm.
For all practical applications, the equilibrium wavelength is better scaled by wave semi-orbital excursion rather than by particle size and it can be predicted by equation (44). This is similar to the equation presented by Soulsby and Whitehouse [2005] but with the fitting parameters defined from a larger range of experimental data. For field applications, with A b,1/3 /D 50 ratios smaller than 1,000, equation (43) is recommended.
Ripple height can be predicted from wave steepness (equation 49), after the wavelength has been estimated from either equations (43) or (44).
The Wiberg and Harris [1994] predictor also provides good agreement with this extensive data set, however, the simplicity of this new model might make its application more attractive for inclusion in numerical models or in time-dependent ripple dimension prediction models. Finally, we should emphasize that these predictors provide equilibrium ripple conditions, which could resemble real ripple conditions only if enough time has lapsed for the ripples to adjust to the prevailing hydrodynamic forcing. Experience has shown that these dimensions might be close to reality during increasing hydrodynamic forcing; they can deviate from reality during periods of descending wave energy as in such cases relic ripples dominate the environment.
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Figure 15.
Comparison of predicted (η p ) vs. measured (η m ) ripple height for the various models examined in this study (see Table 2 ) and equations (45), (46) and (49) developed using data from regular (REG), irregular (IRG) and all (CMB) wave conditions. Light and dark gray symbols represent data from irregular and regular wave conditions, respectively.
